BACKGROUND/OBJECTIVE: Although reducing energy density (ED) enhances weight loss, it is unclear whether all dietary strategies that reduce ED are comparable, hindering effective ED guidelines for obesity treatment. This study examined how changes in number of low-energy-dense (LED) (o 4.186 kJ/1.0 kcal g -1 ) and high-energy-dense (HED) (412.56 kJ/3.0 kcal g -1 ) foods consumed affected dietary ED and weight loss within an 18-month weight loss trial. METHODS: This secondary analysis examined data from participants randomized to an energy-restricted lifestyle intervention or lifestyle intervention plus limited non-nutrient dense, energy-dense food variety (n = 183). Number of daily LED and HED foods consumed was calculated from three, 24-h dietary recalls and anthropometrics were measured at 0, 6 and 18 months. Multivariable-adjusted generalized linear models and repeated-measures mixed linear models examined associations between 6-month changes in number of LED and HED foods and changes in ED, body mass index (BMI), and percent weight loss at 6 and 18 months. RESULTS: Among mostly female (58%), White (92%) participants aged 51.9 years following an energy-restricted diet, increasing number of LED foods or decreasing number of HED foods consumed was associated with 6-and 18-month reductions in ED (β = − 0.25 to − 0.38 kJ g -1 (−0.06 to − 0.09 kcal g -1 ), P o0.001). Only increasing number of LED foods consumed was associated with 6-and 18-month reductions in BMI (β = − 0.16 to − 0.2 kg m -2 , P o0.05) and 6-month reductions in percent weight loss (β = − 0.5%, Po 0.05). Participants consuming ⩽ 2 HED foods per day and ⩾ 6.6 LED foods per day experienced better weight loss outcomes at 6-and 18-month than participants only consuming ⩽ 2 HED foods per day. CONCLUSION: Despite similar reductions in ED from reducing number of HED foods or increasing number of LED foods consumed, only increasing number of LED foods related to weight loss. This provides preliminary evidence that methods used to reduce dietary ED may differentially influence weight loss trajectories. Randomized controlled trials are needed to inform ED recommendations for weight loss.
INTRODUCTION
Obesity is a modifiable chronic disease, but novel treatment strategies that are viable and sustainable are needed.
1,2 Diet remains the leading risk factor for obesity, 3 and as such, is a compelling target. Although any strategy that promotes negative energy balance can promote weight loss, 4 sustained energy restriction is difficult to maintain and long-term dietary adherence remains challenging. As a result, more than half of the weight lost during weight loss interventions is regained over time, [5] [6] [7] underscoring the importance of understanding predictors of weight loss success.
A meta-analysis comparing the effectiveness of behavioral obesity treatment programs (versus control) suggested that behavioral programs, on average, resulted in 2.8 kg greater weight loss at 12 months than control, although there was substantial variability between programs. 6 Although there were generally few differences between behavioral weight loss programs that predicted greater success, 6 some have speculated that the dietary goals and method for achieving the dietary goal may influence an individual's ability to adhere to an energy-restricted diet over time. 8 Energy-restricted diets often lead to reduced satiety, which can invoke feelings of deprivation, increased consumption, and may contribute to the lack of long-term success from behavioral interventions. 9 Strategies that enhance satiety and reduce food desirability on energy-restricted diets may increase the efficacy of these interventions.
One promising strategy to decrease energy intake without compromising satiety on energy-restricted diets is to reduce dietary energy density (ED), which is defined as the amount of energy in food/diet relative to its weight (kcal g
)
. 10 Research suggests that the homeostatic regulation of food intake is more sensitive to changes in food weight and volume than to the amount of energy consumed. 11, 12 Consequently, reducing dietary ED enhances satiety by preserving food volume on energy-restricted diets 13, 14 and may be an effective strategy to promote weight loss. 13, [15] [16] [17] [18] Despite the consistent, protective association between decreased dietary ED and sustained weight loss in multiple studies, 13, 19 it is unclear how to develop ED prescriptions as a strategy to improve weight management. For example, it is possible to reduce dietary ED by (1) increasing the portions/ number of low-energy-dense (LED) foods consumed, (2) decreasing the portions/number of high-energy-dense (HED) foods consumed and/or (3) both, but the extent to which these strategies influence weight loss have not been compared.
From a behavioral standpoint, it is worthwhile to examine whether changing the number of LED and HED foods consumed reduces dietary ED and improves weight loss. 20 Having goals for the number of different LED and HED foods to consume may be easier to implement than shifting the proportions of LED and HED foods used in recipes to reduce the ED of a meal. 21 In addition, reducing dietary ED by reducing the number of HED foods consumed may reduce the HED variety and reduce the frequency of exposure to HED foods, potentially limiting food cravings. 8, 21 Akin to concern that promoting fruit and vegetable consumption without concurrent guidance to restrict other food groups has limited influence on energy intake and weight control, 22, 23 it is important to evaluate the effectiveness of a behaviorally aligned strategy to reduce dietary ED during weight loss. A recent review suggests that substituting less healthy foods with healthier choices is more effective than pure promotional strategies to change nutritional intake, 24 but it is unclear if this applies to LED and HED foods. Therefore, to inform the development of appropriate dietary ED guidelines, the purpose of this secondary analysis of an existing weight loss trial was to determine whether the method of reducing dietary ED (that is, increasing number of LED foods, decreasing number of HED foods or both) similarly influenced total ED and short-and long-term weight loss for participants following an energy-restricted diet.
MATERIALS AND METHODS

Study population and measures
This secondary analysis examined 183 adults with overweight and obesity recruited from Knoxville, TN, USA and Providence, RI, USA to participate in an 18-month randomized controlled weight loss trial between July 2006 and August 2008. Eligible participants were between the ages of 21 and 65 years with a body mass index (BMI) between 27 and 45 kg m -2 . The original 18-month behavioral weight loss intervention randomized 204 participants to one of two groups: (1) a standardized lifestyle intervention (energy-restricted, low-fat diet; physical activity prescription, and a cognitive behavioral intervention), or (2) a standardized lifestyle intervention with a limited variety prescription (consume ≤ 2 foods that are nonnutrient-dense, energy-dense-foods (that is, chips, cookies, etc.)) for the intervention period. Daily calorie goals ranged from 5023 to 6279 kJ (1200-1500 kcal) per day depending on the participant's entry weight. Details about the original study have been previously published. 25 Informed consent was obtained from all participants and the Institutional Review Boards at the Miriam Hospital in Providence, RI, USA and at the University of Tennessee, Knoxville, TN, USA approved all study procedures.
Dietary data collection
Dietary data were collected over a 1-week period using three random 24-h recalls (2 weekdays and 1 weekend day) by trained interviewers over the phone using the Nutrition Data System Software for Research. Participants were provided with two-dimensional food shapes to help estimate portion size.
Exposure variables
The total number of LED and HED foods mentioned per day irrespective of serving size were estimated from the mean of three 24-h recalls. LED foods were defined as any food contributing ≤ 4.186 kJ (1 kcal) g -1 and HED foods were defined as any food contributing ≥ 12.56 kJ (3 kcal) g -1 .
17
Beverages were not included in the classifications. Items that counted as HED or LED foods included items that can be commonly consumed alone and occur naturally as one food (that is, fruits, vegetables, etc.), condiments (that is, butter, mayonnaise, etc.) and processed foods that contain ingredients, but are eaten as one food (that is, bread, crackers, etc.). Mixed dishes (that is, sandwich) were broken into their food components and the individual components that met the definition of a LED or HED food were counted toward daily intake irrespective of serving size. The same food eaten ≥ 2 times per day was counted toward the daily total each time it was consumed at a different eating occasion (that is, if tomato was consumed as part of a sandwich at lunch, and then as part of a pasta dish at dinner, it would be counted as contributing twice to the LED goal). This technique differs from assessing the overall ED of the meal to allow for better testing of the hypothesis that the number (versus proportion) of LED and HED foods in a meal have differential implications for weight control (Supplementary Table 1 ). Change in number of LED or HED foods was computed by subtracting the number of LED or HED foods consumed at baseline from the number of foods consumed at 6 months; thus if participants decreased their consumption of HED foods between baseline and 6 months, the change in HED foods would be a negative value. In order to control for the variance in change related to the baseline value, we examined the residualized changes in LED and HED foods between baseline and 6 months by regressing baseline values on the 6-month change values. For example, the 6-month residualized change in number of HED foods was calculated by regressing the reported baseline number of HED foods on the change score (baseline number of HED foods subtracted from 6-month number of HED foods). Thus, the effect of the beta coefficients can be interpreted as a one-unit increase or a one-unit decrease in number of LED or HED foods on the outcomes of interest.
In addition, we further explored the influence of changing number of LED and HED foods consumed using clinically meaningful groupings. First, we examined participants who either reported decreased intake of number of HED or LED foods by 41 food, maintained a relatively stable intake (a change of − 1 to 1 food), or increased intake by 41 food. Based on preliminary evidence that ED prescriptions may be effective weight loss tools, 17 we explored the extent to which participants who consumed ≤ 2 HED foods and consumed ≥ to the 75th percentile in LED foods (≥6.6 foods per day) compared with participants who did not meet at least one of those dimensions. Exact sample sizes for each group are reported in the tables.
Outcome variables
We examined the 6-and 18-month changes in total ED, changes in BMI and percent weight loss. Dietary ED calculated from the weight and energy from foods only (kcal g -1 ) 19 was computed as the mean ED from all 24-h recalls at each time point (baseline, 6 and 18 months). Height (measured to the nearest millimeter) and weight (measured to the nearest 0.05 kg) were measured at 0, 6 and 18 months using a stadiometer and calibrated digital scale, respectively. BMI (kg m -2 ) was calculated at each time point and changes in BMI were computed by subtracting baseline values from 6-and 18-month values. Percentage weight loss was computed by dividing absolute weight change between 0 and 6 months or 0 and 18 months by baseline weight and multiplying by 100.
Covariates
Demographic information including age, sex, race and education were measured via self-report questionnaire at baseline.
Statistical analyses
Among participants with complete dietary and anthropometric data at 6 (n = 183) and 18 (n = 178) months, we examined the associations between 6-month changes and number of LED and HED foods in three ways. First, we examined the continuous associations between changes in number of LED or HED foods and our outcome variables. We then created multiple categorical variables to examine group-level differences in our outcomes of interest. For both number of LED and HED foods, we examined the effect of decreased ( o − 1 unit), stable (between − 1 and 1 unit) or increased (41 unit) intake over 6 months. We also examined differences in 6-and 18-month outcomes among participants who ate ≤ 2 HED foods per day, ≥ 6.6 LED foods per day (the 75th percentile of intake), neither or both to understand whether there were clinically meaningful differences among subgroups that may exist in free-living settings.
We examined the data to ensure it met model assumptions and used generalized linear models to assess whether 6-month changes in number of LED and HED foods influenced 6-month changes in dietary ED, BMI and percent weight loss and we used mixed linear models with minimum variance quadratic estimation of the covariance parameters to assess 18-month changes. We tested for interactions between our exposure variables (6-month changes in number of LED and HED foods) and intervention condition for all analyses, using a P-value of 0.05 to determine statistical significance. Tukey adjustment was used for all post-hoc comparisons between subgroups.
Initial models were adjusted for age, sex and intervention condition, and multivariable models were further adjusted for race, educational attainment, and change in either number of LED or HED foods. When both Low-and high-energy-dense foods and weight loss M Vadiveloo et al change in number of LED foods and HED foods were entered into the same model, we also tested for interactions between those two variables. All analyses were conducted using SAS v. 9.4 (Cary, NC, USA).
Code availability
Statistical coding is available upon reasonable request.
RESULTS
Participants were predominately female (58%) college-educated (68%) and White (92%) with a mean age of 51.9 ± 8.8 years. The mean BMI at baseline was 34.8 ± 4.2 kg m -2 and energy intake was 8087 ± 3098 kJ (1932 ± 740 kcal) per day. The mean dietary and body weight changes over the 2-year period are detailed in Table 1 . In general, overall ED decreased between baseline (5.23 kJ g -1 or 1.25 kcal g -1 ) and 6 months (3.43 kJ g -1 or 0.82 kcal g -1 ), as well as baseline and 18 months (3.64 kJ g -1 or 0.87 kcal g -1 ; P o0.0001). Similarly, the mean number of LED foods consumed per day significantly increased by approximately one food at both time points. Conversely, the mean number of HED foods consumed only significantly decreased at 6 months (4.02 ± 0.13 versus 2.98 ± 0.14, Po 0.0001); no significant decrease in the number of HED foods consumed was observed at 18 months. With the exception of percent energy from carbohydrate and protein, which increased over time, energy from dietary fats and added sugars decreased over the 2-year period. 25 The continuous association between 6-month changes in number of LED and HED foods with 6-and 18-month changes in dietary ED, BMI and percent weight loss are presented in Table 2 . No significant interactions between number of LED or HED foods consumed and the original intervention treatment group were detected, so treatment group was included as a covariate in all analyses. In both the base and covariate-adjusted models, increasing the number of LED foods consumed between baseline and 6 months was associated with a significant 0.07-0.08 unit decrease in dietary ED at 6 months, and a 0.06 unit decrease in dietary ED at 18 months. Similarly, decreasing the number of HED foods consumed between baseline and 6 months was significantly associated with a 0.05-0.09 decrease in dietary ED at both 6 and 18 months. Despite similar reductions in ED, only increasing the number of LED foods consumed between baseline and 6 months was significantly associated with 6-and 18-month decreases in BMI and percent weight loss (6 months only). In final models adjusting for sociodemographic covariates and the change in number of HED foods, an increase in number of LED foods was associated with a − 0.18 ± 0.06 unit decrease in BMI (P = 0.007) and a − 0.5 unit ± 0.18 reduction in percent weight loss at 6 months (P = 0.007) and a − 0.16 unit ± 0.07 decrease in BMI (P = 0.03) and a marginal − 0.39 unit ± 0.2 (P = 0.05) reduction in percent weight loss at 18 months. Changes in number of HED foods at 6 months were nonsignificantly associated with changes in BMI or percent weight loss at 6 and 18 months. We also adjusted for residualized 6-month changes in energy intake in exploratory models for BMI change and percent weight loss (data not shown) but no changes in the effect of number of LED or HED foods were observed and model fit was not improved. Table 3 presents the 6-and 18-month changes in ED, BMI and percent weight loss stratified by participants with decreased ( o − 1), stable (−1 to 1), or increased (41) number of LED and HED consumed during the 6-month weight loss phase. In all models, participants who increased number of LED food consumed had greater reductions in total ED compared with those who decreased number of LED foods consumed at 6 and 18 months (P o 0.05). Similarly, participants who decreased the number of HED foods had significantly greater reductions in total ED at 6 and 18 months compared with participants who either increased or maintained number of HED consumed in the first 6 months. 
Participants who increased number of LED foods lost − 3.5 ± 0.4 BMI units on average at 6 months, which was significantly greater than participants who decreased the number of LED foods (−2.4 ± 0.5). However, no significant differences in BMI among the three LED change groups were observed at 18 months and no significant differences in percent weight loss were observed at either time point. BMI and percent weight loss were similar among participants who decreased, maintained a stable intake or increased number of HED foods at both 6 and 18 months. In exploratory models, we adjusted for residualized 6-month changes in energy intake (data not shown) but no changes in the effect of number of LED or HED foods was observed and model fit was not improved at either time point.
The 6-and 18-month changes in ED, BMI and percent weight loss among participants who simultaneously decreased number of HED foods (≤2 per day) and increased number of LED foods (≥6.6 per day) or who achieved one of these goals or neither are presented in Table 4 . In adjusted models, participants in Group 4 (high LED/low HED) had significantly greater 6-month changes in BMI (−4.99 kg m -2 ± 0.61) as compared with participants in Group 1 (low LED/high HED) (−3.21 kg m -2 ± 0.38) or participants in Group 2 (low LED/low HED) (−2.82 kg m -2 ± 0.40). Participants in Group 4 (high LED/low HED) also achieved significantly greater percent weight loss at 6 months (−13.5% ± 2.01) compared with participants in Group 1 (low LED/high HED) (−9.2% ± 1.07) or in Group 2 (low LED/low HED) (−8.3% ± 1.12). No differences were observed between participants in Group 3 (high LED/high HED) versus Group 4 (high LED/low HED). In addition, participants in Group 4 (high LED/low HED) had a significantly greater change in 18-month BMI (−5.00 kg m -2 ± 0.73) as compared with participants in Group 2 (low LED/low HED) (−2.42 kg m -2 ± 0.48) in adjusted models. Participants Group 1 (low LED/high HED) also had a borderline lower change in BMI (−3.26 kg m -2 ± 0.45) than participants in Group 4 (high LED/low HED) (P = 0.07). Similarly percent weight loss was higher among participants at 18 months in Group 4 (high LED/low HED) (−13.5% ± 2.01) compared with participants in Group 2 (low LED/low HED) (−7.1% ± 1.31).
DISCUSSION
The present study found that the method of reducing dietary ED (that is, increasing number of LED foods versus decreasing number of HED foods) between baseline and 6 months similarly decreased overall dietary ED at 6 months and 18 months; however, only increasing number of LED foods was associated with reductions in BMI (at 6 and 18 months) and percent weight loss (at 6 months). In addition, individuals who increased number of LED foods from baseline to 6 months (41 food) experienced significantly greater BMI reduction at 6 months than those who decreased number of LED foods. Although it is important to cautiously interpret these findings, exploratory analyses revealed that individuals who consumed both a high number of LED foods (≥6.6) and a low number of HED foods (≤2) experienced greater reductions in BMI and percent weight loss than individuals who did not meet either target (at 6 months only) or individuals who only met the HED target (at 6 and 18 months). Together, these findings suggest that increasing the number of LED foods consumed is an essential aspect of reducing dietary ED in order to produce short and long-term weight loss success.
In comparison with existing research, the present study observed a modest effect on ED reduction associated with a one-unit increase in LED foods. Consistent with the classification Table 2 . Continuous associations between 6-month changes in number of LED and HED foods and 6-and 18-mo changes in dietary energy density, body mass index and percent weight loss (n = 183) Abbreviations: HED, high-energy-dense foods; LED, low-energy-dense foods. Model 1 adjusts for group, age and sex. Model 2 adjusts for the covariates in Model 1, as well as race (white versus non-white) and education (some college education, college graduate or post-graduate). Model 3 adjusts for the covariates in previous models and change in number of LED and HED foods.
Low-and high-energy-dense foods and weight loss M Vadiveloo et al Table 3 . Mean (s.e.) changes in energy density, BMI and percent weight loss among participants with decreased, stable or increased LED and HED food intake (n = 183)
6-month changes − 6.9 (1.5)
Abbreviations: BMI, body mass index; ED, energy density; HED, high-energy-dense foods; LED, low-energy-dense foods. Changes in number of LED or HED foods were categorized into three categories:
, stable (−1 to 1) and Increased (41). Tukey adjustment was used for all post-hoc comparisons. Labeled means in a row under the same change period and independent variable without a common superscript differ (Po0.05). Because the interactions between group and LED and HED and the interactions between LED and HED were not significant, there was no interaction terms in all models. Model 1 adjusts for group, age and sex. Model 2 adjusts for the covariates in Model 1, as well as race (white versus non-white) and education (some college education, college graduate or post-graduate). Model 3 adjusts for the covariates in previous models and change in number of HED or LED foods. There are 33 participants in the decreased LED group, 60 in the stable LED group and 90 in the increased LED group. There are 85 participants in the decreased HED group, 76 in the stable HED group and 22 in the increased HED group.
Low-and high-energy-dense foods and weight loss M Vadiveloo et al described by Ledikwe et al., 18 participants modestly reduced their overall dietary ED by 0.43 kcal g -1 . Thus, the 0.07-0.08 decrease in ED associated with consuming one additional LED food or one fewer HED food represents a 17% change in overall ED, which is meaningful for a small dietary change. Furthermore, the observation that a one-unit increase (versus decrease) in LED foods corresponded with a nearly one unit greater reduction in BMI, suggests that it is clinically meaningful.
The most prominent reason that increasing the number of LED foods consumed is helpful for short-and long-term weight loss success is through its ability to assist with appetite regulation. Increasing the number of LED foods consumed is more likely to increase food volume, which enhances satiation. 13, 26 Enhanced satiation should assist with enhanced long-term adherence to an energy-restricted diet. Beyond enhancing satiety, increasing the number of LED foods, which are often high in fiber, may increase fecal fat excretion, reduce eating speed, and favorably influence lipolysis and thermogenesis in adipose tissue, which promote weight loss. [27] [28] [29] Our exploratory results also suggest that both increasing the number of LED foods and decreasing the number of HED foods consumed may assist with weight management. Increasing number of LED foods with concomitant restriction of number of HED foods (either through natural displacement or conscious restriction) may assist with long-term dietary adherence to energy restriction through several mechanisms. Reducing number of HED foods consumed reduces dietary variety of these foods, which reduces food cravings, and increases habituation to these foods. 21 Moreover, this strategy helps consumers develop food environments that align with healthier decisions, requiring them to exert less willpower to reduce dietary ED. 30 Thus, these goals, increasing number of LED and decreasing number of HED foods consumed, may assist with satiation, while reducing problematic factors (food cravings, environmental cues) for dietary adherence. 31 Finally, increasing number of LED foods and decreasing number of HED foods has implications for total dietary quality. Many LED foods like fruits and vegetables improve dietary quality, which has been shown to favorably influence the gut microbiome, and improve outcomes associated with obesity and other chronic diseases. 32 Although no significant interactions between changes in number of LED and changes in number of HED foods were detected, simultaneously increasing number of LED foods and decreasing number of HED foods should theoretically lead to the largest decreases in body weight. This is consistent with what we observed and with national data, which found that individuals with normal weight versus obesity consume a higher proportion of energy from very low and low ED foods and a lower proportion of energy from HED foods. 33 Similarly, we would anticipate that participants with low LED/high HED intake and the least reduction in dietary ED would have the least favorable changes in body weight. However, our results suggest that the group with the least favorable changes in body weight were those who exclusively decreased number of HED foods, despite achieving reductions in overall dietary ED comparable to those with high LED/low HED consumption and significantly less than those with low LED/high HED consumption.
There are various possible explanations for this finding. First, it is possible that restricting number of HED foods when not accompanied by an increase in number of LED foods is associated with greater hunger, cravings and diet attrition. This is consistent with literature suggesting that restrictive diets are difficult to follow long-term and align with the findings we observe. 34 For example, participants with low LED/high HED food intake consumed a similar number of LED foods as participants who exclusively decreased HED foods (~4 LED foods per day at baseline and 6 months). However, participants with low LED/high HED food intake consumed a mean of approximately 4 HED foods per day at both time points, whereas participants with low LED/ There is some suggestion that energy restriction, particularly when extreme, induces changes in the neuroendocrine regulation of appetite, promotes marked reductions in energy expenditure, and encourages other adaptive changes in the body that promote weight regain. 35 Taken together, this study provides promising preliminary evidence that increasing the number of LED foods consumed aids in achieving sustained weight loss, and that purely restrictive regimens may be less effective long term.
Some limitations of the present analysis must be noted. Importantly, because this was a secondary analysis rather than an intervention aimed at altering the number of LED and HED foods consumed, it is possible that individuals who increased LED foods differed in other important ways from individuals who did not. However, the original intervention assignments did not modify associations between the change in HED and LED foods and any study outcomes, and we adjusted for intervention condition in our analyses increasing our confidence in these conclusions. In addition, previous analysis of this data suggests that this sample was racially homogenous with similar dietary intake patterns. 25 Finally, dietary data were self-reported and may be prone to the underreporting bias prevalent among individuals trying to lose weight. However, because this bias was nondifferential, it is likely that it attenuated observed associations.
This study also had a number of strengths. Three-day dietary recalls were used to calculate nutrient data, which more accurately reflects the variability in the different number of LED and HED foods consumed each day than fewer days of recall. 25, 36 In addition, there was limited loss to follow-up, and participant's weights were measured by trained interventionists for 18 months. The sample also had a relatively balanced gender distribution, making these results more generalizable to both male and female weight loss participants.
CONCLUSION
In conclusion, reducing dietary ED is consistently associated with reductions in total energy intake and weight loss. To date, little research has explored whether the manner in which people reduce ED differentially affects weight loss outcomes. The present study provides strong preliminary evidence from an existing weight loss trial that the manner in which people reduce total ED is important for weight loss. Increasing the number of LED foods consumed on energy-restricted diets may be necessary in order to induce weight loss despite evidence that either decreasing HED foods or increasing LED foods promotes reductions in ED. Further research using long-term randomized controlled clinical trials that are larger and more diverse examining the independent effectiveness of ED prescriptions (that is, to increase number of LED foods versus decrease number of HED foods or both) are needed to directly compare ED reduction methods and elucidate the mechanism through which reducing ED promotes weight loss.
